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CP violation in the lepton flavor violating interactions p—ey and 7—uy
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We calculate the possibl€P violating asymmetries for lepton flavor violating decays—ey and r
— uy. Our predictions depend on the chosen new model independent contribution. The result of the measure-
ments of such asymmetries for these decays will provide valuable information about the physics beyond the
standard model.
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[. INTRODUCTION model. The multi-Higgs doublet model with more than two
Higgs doublets is the possible candidate for such models.
Lepton flavor violating(LFV) interactions are among the With the choice of real Yukawa couplings, except the ones
most promising candidates to understand the physics beyornrélated with the second Higgs doublet, it would be possible
the standard modd€SM). The improvement of their experi- to get a nonzeré\cp. Therefore Acp, in the decays under
mental measurements forces us to make more elaborate thesnsideration, can be the evidence of the existence of the
oretical calculations and to determine the unknown paramphysics beyond the SM. Furthermore, this physical quantity
eters existing in the models used— ey andr— uy decays is informative in the determination of the type of the new
are the examples for the LFV decays and the current limitghysics and it is sensitive to the new free parameters in the
for their branching ratiogBR) are 1.2<10 ! [1] and 1.1 model. The forthcoming experimental measurements of pos-
X 10" [2], respectively. sible A¢p for both processes can give strong clues about the
LFV interactions have been analyzed in different modelshew physics effects beyond the SM.
in the literature. They were studied in a model independent The paper is organized as follows: In Sec. I, we present
way in [3], in the framework of model Il type two-Higgs- the possibleCP violating asymmetry for LFV decayg:
doublet model2HDM) [4], and in supersymmetric models —ey and 7— u7y. Section Il is devoted to discussion and
[5-16). Recently, the electromagnetic suppression of the deeur conclusions.
cay rate ofu— ey has been predicted i17]. Furthermore,
the processes—puy and p—ey have been studied as Il. CPVIOLATION IN LFV INTERACTIONS p—ey
probes of neutrino mass models[it8]. AND 7—py
LFV processes do not exist in the SM if the Cabibbo- ) ) )
Kobayashi-Maskawa{CKM-) type matrix in the leptonic _ The extension of the standard mod8M) with the addi-
sector vanishes and this stimulates one to go beyond tHéonal Higgs doublet brings a possibility to create FC neutral
standard model. The general two Higgs doublet model, th&€urrents(FCNC) at the tree level. The introduceatl hoc
so-called model I1l, permits such interactions, which appeafliscrete symmetry in the Yukawa Lagrangian protects those
at least at the loop level, with the internal mediating neutraF CNC currents and so-called model | and Il type 2HDM is
Higgs bosons, andA,. Note that, in this case, there is no obtained[19]. If_ this symmetry is not con.3|deredz FCNC at
charged flavor changingFC) interaction. There are a large the trge level is allowed. '_I'he Yukawa interaction for the
number of free parameters and their strength can be detef€Ptonic sector in model Il is
mined by the experimental data. The choice of complex e e
Yukawa couplings causes theP violating effects, which Ly=nijliip:Ejrt+ &ijliL P2EjrTH.C,, @
can also provide comprehensive information in the determi- . - .
nation of the free parameters of various theoretical models\{vh?re' ) are family |nd|c_es of Iepton:t,' andRdengte cniral
The nonzero electric dipole momer&DM) of the elemen- projectionsL(R)=1/2(1% ys), ¢; for i=1.2, are the two
tary particles are a sign of such violations. scalar double.ts, anig_ andE;r are lepton doublets and sin-
In this work, we study the possiblity a€ P asymmetry glets, respectively. Herg, and 4, are chosen as
Acp of decaysu—ey and 7— uy in model Ill. Even if the

+ +
Yukawa couplings are taken as complex, in general, model ¢1:i 0 ‘/EX ;¢2:i V2H ,
[Il does not ensur€ P asymmetry for the decays under con- V2 vt HO ix° V2\Hi+iH,

sideration. However, by correcting the decay rates of these 2
processes with the additional complex contribution, which ,

may come from the physics beyond model 11, a measurabl@nd the vacuum expectation values are

Acp can be obtained. Here, we assume that the complexity of

the new contribution is not due to the Yukawa type cou- (1) = 1 0 () =0 &)
plings, but probably to the radiative corrections, in this ! J2\v)’ 2 '
With this choice, the SM particles can be collected in the first
*Email address: eiltan@heraklit.physics.metu.edu.tr doublet and the new patrticles in the second one. Here the
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v O I (p—ey)=ci(|A*+]|A]?), %)
L= . =TT . where
w7 N 1
AN _ - FE SE _
(a) (b) Al_QTS mMmTfN,refN,m[Fl(Yho) Fa(ya )l
1'/ \\‘\ 1 FEx Ex

: A2=Qr g tNerdNud F1(Yng) =Fa(Yag) ],

o ©)
1= GEaemM,/327* and the functiorF,(w) reads
(e) w(3—4w+w?+2 Inw)

FIG. 1. One-loop diagrams contribute to the LFV decéys Fi(w)= @)

e o —1+w)3
— Iy with i #j. The solid line corresponds to the lepton, the curly ( )

line to the electromagnetic field, and the dashed line to the fieds iy szmZ/ma_ In Eq. (6), EE + is defined asfﬁ -
andA,. Herel, denotes the leptons, u, 7. z M M
= V4 Gg/\2Eg ;, the amplitudes\, andA, have right and
bosonsH; andH, are the neutraCP evenh® andCP odd  left chirality, respectively, an@,= — . In our calculations
A%, respectively, since there is no mixing betwe@R even ~ Wwe ignore the contributions coming from internal and e
neutral Higgs bosonsl® and h® at the tree level. Further- leptons, respecting our assumption on the Yukawa couplings
more, only the Yukawa couplingﬁEj are responsible for the (see th? Discussion
physics beyond the SM. In the case where both doublets At this stage, we calculate th@P asymmetryAcp of the
develop vacuum expectation values, there would be mixingrocessu— ey, given by the expression
between theCP even neutral Higgs bosorts® and h® and —
this increases the number of free parameters, namely, the :F_E
mixing anglea appears. r+r’

The part that produces FCN(@t the tree levelis

®

Acp

whereT" is the decay width for th€ P conjugate process.
ﬁY,FC=§EI_iL¢>2EjR+ H.c. (4)  However, in the framework of model IlAcp vanishes and
one needs an extra quantity to switch on @ asymmetry.
The Yukawa matrice&fiEj have, in general, complex entries. Therefore, we assume that there is an additional small and

Note that in the following we replacg with gﬁ where “N” complex contributiony due to the physics beyond model IlI
denotes the word “neutral.” such that the factogy . £y ,,, [F1(Yn,) —F1(Ya,)] is cor-

Now, let us consider the lepton number violating Processqcied as
u—ey. Here, we expect that the main contribution to this
decay comes from the neutral Higgs bosons, nanigiand Eﬁ Tegﬁ IF1(Yn)—Fa(ya)]l+x.
Ao, in the leptonic sector of model I(see Fig. 1. Using the B 0 °
on-shell renormalization scheme the self-energy diagramBurther, we force that the complexity qf comes from the
vanish and only the vertex diagraffig. 1(c)] contributes. possible radiative corrections but not from the Yukawa type
By taking 7 lepton for the internal line, the decay widih  couplings, in the model beyond model Ill. This choiceyof
becomeg 20] brings a nonzer& P violation for the procesg—evy:

L& el F a(Ying) ~ Fa(Yag)llx sin6,Sin( 0.+ 6.,)

ACP_ 2 o ’ (9)
|
where with X:ei 6X|X|v Eﬁ,re:ei ﬁTeEE,TeL and Eﬁ,m
N =¢ 9’”|Eﬁ,m|- Of course, the amount dfp produced de-
D =|&7 reén,rul TF1(Yny) — Fa(Ya )12+ |xI? pends on the amount of new quantity introduced; however,
S even a small contribution may bring a measurable for
+20€5, e85, [ F 1Y)~ F1(ya) x| cost, this process.
At this stage, we introduce a model beyond model Ill so
X cog Ot 0,,) (100 that the generation of complex paramejercan be illus-
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trated: The multi-Higgs doublet model, which contains more
than two Higgs doublets in the Higgs sector, can be one of Gi(w)=
the candidates. The choice of three Higgs doublets brings (—1+w)*
new Yukawa couplings, which are responsible with the inter-
actions between new Higgs particles and the fermions. Theh
Yukawa Lagrangian in the three-Higgs-doublet modelt

w(2+3w—6w?+w3+6winw)

Acp in this process vanishes in model Ill, similar to
e one in the decay—ey and we will follow the same

(3HDM) reads procedure given above. By correcting the combin-
ation &, (&85 G1(¥n) + G1(Ya) 1+ 6 & L F1(¥n,)
Ly= nﬁTiL $1Ejr+ fEI_iL ¢2EjR+P5|_iL $sEjr+H.C., —F1(ya,)]) with the additional small and complex quantity

(11 p due to the physics beyond model Il as

WherepiEj is the new coupling and3 can be chosen as

V2F*

Ha+iH,

(6L GV +Gu(Yay)]
1

¢3_\/§

with vanishing vacuum expectation value. The figfdsand

H3(H,) represent the new charged aB@ even(odd) Higgs

particles, respectively. Note that the other Yukawa couplings AcP=gq (15
and Higgs particles in Eq11) are the ones existing in model

[Il. Now, we choose the additional Yukawa coupliqg%real where

and take into account the radiative corrections to the contri-

butions of the third Higgs doublet for the—evy decay. . .

Here the complex part may come from the radiative correc- A=2[£Y &85 plSing,{sin( 6., — 0.)[G1(Yn,)

tions but not from the new Yukawa couplings. We can take .

this complex contribution as a source foF; thge additional part +G1(Ya ) 1+ 6 sin(6,,+ 0,)[Fi(yn) —Fa(ya) 1}
x [see Eqs(9) and (10)]. The difficulty that arises in this (16)
model is the increase in the number of free parameters,

namely, masses of new Higgs particles-, My, My, and and

the new Yukawa couplingpiEj . However, the overall uncer-

tainty coming from these free parameters lies in the contri- Q:Eﬁ . EE*TT|2([G1(yh )+Gy(ya) 12+ 36 F(y )
bution y and it can be overcome by the possible future mea- T 0 0 0

, (12) +6 €N, L F1(Yng) = F1(Ya) ) +p,

we get

surement of theCP violation for the decay under —F1(ya)1®) +|p|2+ 12 € . &5 1A F1(yn)

consideration. 0 TR 0
Now, we would like to discuss the similar analysis for —Fa(ya) l[Ga(yny) +Gilya,)Jcos 26,

another LFV decayy— uy. The decay width for this pro-

cess is calculated by taking only thelepton as an internal +2|EE’WEEfTT||p|[(31(yh0)+Gl(yA0)]cosap

one[20] and it reads as
X COQ 01'#_ 077) + 12|EE,T,U,EETTT| |p| [ Fl(yho)

+ Fl(on)]Cosapcog 67’/,L+ 977’)1 (17)

L(7—pmy)=Ca(|B1|?+]B3[?), (13

where . .
with p=e' %|p| and & ,,=€' ’7| N ..|. Similar to the pro-
- - cessu—ey, the amount ofA-p strongly depends on the
Bl_QT48mMmT§N'”‘{ N7 G1(Yny) +Ga(Ya,)] new quantity introduced and a small contribution may bring
measurablé\.p for this process also.
+6&5 . LF1(Yn,)—F1(ya) T

Ill. DISCUSSION

B.— FEx [ZE n In the_ case of vanishing charggd'|nteract|ons,_W|th the
2 Q748m,L mng*f” gN’"[Gl(yhO) Gl(yAO)] assumption that a CKM type matrix in the leptonic sector
— does not exist, LFV interactions are possible in the one loop,

+6&N L F1(Yn) —Fi(ya)l} (14 due to neutral Higgs bosomd andA®, in the framework of

model lIl. In general, the Yukawa couplinggﬁij N

and 02=G§aemmf/327r4. Here the amplitude8,; and B, =e,u, T appearing in the expressions are complex and they
have right and left chirality, respectively. The function ensure nonzero lepton EDM. However, this scenario is not

F1(w) is given in Eq.(7) andGq(w) is enough to get &P violating asymmetry in the LFV pro-
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107 x| (GeV?)

FIG. 2. Acp of the processu—ey as a function of|y| for

sin#,,=0.5, m,=85 GeV, andmy=95 GeV. Here, the solid

lines show the case where gip=0.1 and they correspond to sin,
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FIG. 5. The same as Fig. 4 but for gip=0.5.

values 0.1, 0.5, and 0.8 in the order from the lower one to the uppeessesu— ey and 7— wy. To obtain such asymmetry, we
Similarly, the dashedsmall dashexlines represent the case where introduce a small model independent correction term to the

sin#,=0.5 (sing,=0.8).
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FIG. 3. Acp of the processu—ey as a function of sim, for
|x|=10"7 (GeV?), sing.,=0.5 mp=85 GeV, and myo
=95 GeV. Here, the solid line coresponds to &jp=0.1, dashed
line to sing,,=0.5, and small dashed line to i, =0.8.
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FIG. 4. Acp of the processr— uy as a function of|p| for
&5.,,=100 GeV, sim,=0.1, sing,,=0.5, mH=85 GeV, and

mao=95 GeV. Here,Aqp is restricted between solid lines for
sin4,,=0.1, dashed lines for sif.,=0.5, and small dashed lines for

sing,.,=0.8.

decay width with the following features:

(i) this term is due to the physics beyond model Il;

(i) it is complex and the complexity does not come from
the Yukawa type couplings.

Note that we introduced the multi-Higgs doublet model,
which contains more than two Higgs doublets with complex
Yukawa couplings due to only the second douliise Sec.

).

The additional contributions respecting the above condi-
tions bring nonzerAqp to both processes under consider-
ation. However, this extra quantity is completely unknown
and the number of parameters, namely, complex Yukawa
couplings and a new model independent quantity, increases
in the numerical calculations. To solve this problem, first, we

assume that the Yukawa couplingg,; , i,j =e,u, are smal

compared t(f,EWii =e,u, 7 since the strength of them is re-
lated with the masses of leptons denoted by their indices,
similar to the Cheng-Sher scenefidl]. Further, we take
?N,ij symmetric with respect to the indicesindj. Therefore

only the combinatioréy , &y , . (the couplingsgy ., and

Eﬁ,w) for the procesgt—ey (7— wy) plays the main role
in our analysis£y , &y ;. can be restricted using the ex-
perimental upper limit of the BR of the procegs—evy [1]:
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FIG. 6. The same as Fig. 4 but for gip=0.8.
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FIG. 7. Acp of the process— .y as a function of sir, for FIG. 8. Acp of the process— wy as a function of the mass
lp|=0.1 (GeV), sind,=05, mp=85 GeV, and mpo o mpo/myo for ¢5.=100 GeV, sing,,=sind,,=0.5, |p|
=95 GeV. HereAcp is restricted between solid lines for gin —0.1 (Ge\?), andm,o=85 GeV
=0.1, dashed lines for sif,,=0.5, and small dashed lines for ' ' h '
sing.,=0.8.

=100 GeV, sing,=0.1, sing,,=0.5, m,=85 GeV, and

BR(u—ey)<1.2x10 % (18) mMa0=95 GeV. HereAcp is restricted between solid lines
for sing,.,=0.1, dashed lines for sif),=0.5, and small

(see[20] for detaily. Here, we do not take the contribution dashed lines for sifi,,=0.8. Note that the upper and lower
of an additional part coming from the physics beyond mode},oynds forAcp are due to the constraint @ﬁlm coming

i%rom the experimental limits ofc-lepton EDM.A¢p for this

[l since we assume that its effect on the constraint region i
sufficiently small. Note that we take the additional contrlbu-process is of the order of magnitude £0 However, the
increasing values of sif), enhances it almost one order as

tion |x] as two orders smaller compared to

&N 7N rul F1(Yn) = F1(¥a )1 seen in Figs. 5 and 6, where they correspond t@siralues
For the process— uy, the couplinggy , , is restricted ~ 0-5 and 0.8, respectively. The strong sensitivity\ep to the

using the experimental upper and lower limits pflepton ~ Parameter sim, is shown in Fig. 7. In this figure, we present

EDM ( [22)), sing, dependence of¢p for |p|=0.1(GeV), siné,,=0.5,
muo=85 GeV, andmpo=95 GeV. HereAcp is restricted
0.3x10 “ecm<d,<7.1x10 *ecm (199  between solid lines for sif.,=0.1, dashed lines for sify,

=0.5, and small dashed lines for #lnp=0.8. These figures

(see[20] for detail§ and we do not use any constraint for the Sh%"‘_’ that the resltrictio? r_egionhfokcp beé)cohmes broader
couplinggﬁm. For this decay, the additional contribution with increasing values of sifi,. The same behavior appears

. when sind,, increases also.
|p| is taken as two orders smaller compared’ _. H .
Finally, we study the mass ratio,o/muo dependence of

to &Nl 6L G1(Yny) +Gu(Ya) 1+ 6N L LF1(yn) Acp for the fixed values of sif,,=sing,,=0.5, |p|

—Fa(ya,)1}, similar to the previous process. =0.1 (Ge\®), and myo=85 GeV in Fig. 8. HereAcp is
Figure 2 represents the new quantifyl dependence of restricted between solid lines for sip=0.1, dashed lines for

Acp for sing,,=0.5, mp=85 GeV andmuo=95 GeV. sinf,=0.5, and small dashed lines for gjp=0.8. It is ob-

Here the solid lines show the case wheretsin0.1 and they served thatA-p increases when the masses of neutral Higgs

correspond to sif, values 0.1, 0.5, and 0.8 in the order bosons are near to degeneracy. This enhancement is large for

from the lower one to the upper. Similarly the dasligaall  large values of si,.

dashedl lines represents the case where &is0.5 (siné, As a result, it is possible to get a measurablg for the

=0.8). Choosind x| at the order of 107(GeV?), Acp for  LFV interactionsu— ey and7— wy if there exists an addi-

the process can be at the order of the magnitude’18s  tional small and complex contribution coming from the

shown in this figureAcp is sensitive to theCP parameters physics beyond model Ill. Here, the complexity of the new
sind,,, sinf,. and obviously to sir, . contribution should not be due to the Yukawa type couplings,

In Fig. 3 we present sif, dependence oAcp for | x| but comes from radiative corrections. With the reliable ex-
=10"7(GeV?), sin#.=0.5, m,=85 GeV, and mpo perimental measurements of such asymmetries, it would be
=95 GeV. Here, the solid line coresponds to &jp=0.1, poss?ble to test the new contributions and the corresponding
dashed line to sif,,=0.5, and small dashed line to iy, physics.
=0.8. Acp increases with increasing values of the param-
eters sing, , sinf,, and sing,, .

Now we would like to show our results for the-p of the ACKNOWLEDGMENT
processt—uy in the series of Figs. 4-8. Figure 4 is de-  Thjs work was supported by the Turkish Academy of Sci-
voted to the new quantityp| dependence ofp for Eﬁm ences(TUBA-GEBIP).
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